INTRODUCTION
Tissues from both embryonic and early postnatal pups have been used to successfully cultivate primary neurons from different regions of the brain (1) . Few glia are present at these early developmental stages, and at plating, almost pure neuronal cultures can be obtained. Although embryonic neurons represent an easy and effective source of primary neurons, their developmental stage is not always appropriate for the topic of interest. For example, neurodegeneration often occurs later in life and can arise from age-dependent decreases of mitochondrial function, accumulation of DNA damage, or increases in oxidative stress (2, 3) . The apparent inability to culture healthy neurons from adult animals has precluded these types of analyses.
In order to overcome this barrier, we have identified isolation, growth, and attachment parameters that might, in part, explain the poor success rate of culturing adult neurons. By optimizing conditions, we report here a reliable method to obtain healthy neuronal cultures from adult animals. The new methodology is based on simple culture conditions using standard dispersal methods without special isolation procedures, preparation of a glial feeding layer, the use of special growth media, or the addition of growth factors. This procedure has advantages over a previously described protocol (4) , in that it improves ease, speed, and simplicity of the preparation while reducing cost.
MATERIALS AND METHODS

Buffers and Materials
Twenty-five milligrams papain (Worthington Biochemical, Lakewood, NJ, USA) was dissolved in HEPESbuffered saline (HBS) to 2 mg/mL and kept at 4°C for up to 2 months. HBS, containing 10 mM HEPES [N-(2-hydroxyethyl)-piperazine-N′-(2-ethanesulfonic acid)], 145 mM NaCl, 22 mM KCl, 5 mM glucose, pH 7.3, was always filter-sterilized before use. Plating media comprised of Dulbecco's modified Eagle medium (DMEM) supplemented with high glucose (Invitrogen, Carlsbad, CA, USA), 10% fetal calf serum (FBS), 10% F-12 (Invitrogen), penicillin (100 U/mL), and streptomycin (100 µg/mL). Feeding media comprised B27 neurobasal media (Invitrogen) supplemented with penicillin (100 U/mL) and streptomycin (100 µg/mL). Glutamine was added to the media on the day of use by diluting frozen stocks to a final concentration of 2 mM.
Polyornithine Coating of Culture Dishes
Plastic culture dishes were coated with L-polyornithine prior to use. Each 35-mm plate was incubated overnight in 2.0 mL (or 0.5 mL for 24-dish plate) of 0.5 mg/mL borate buffer (10 mM Na 2 B 4 O 7 , pH 8.4). After incubation, plates were washes twice with deionized water prior to use.
Isolation of Neurons
The experimental protocol was approved by the Mayo Clinic Institutional Animal Care and Use Committee. C57BL/6 mice of 1.0-1.5 years were anesthetized by ether prior to cervical dislocation. Neurons from two regions of the brain were tested, and the method was successfully used for either. Striatum or cortical tissue was isolated under sterile conditions, rinsed in HBS, and minced into small pieces. The minced tissue (approximately 0.5 mL) was then treated with 1 mL papain for 15 min at 37°C. The papain/HBS supernatant was removed and replaced with 4-6 mL of prewarmed plating medium (1.5 mL/35-mm dishes and 0.5 mL/16-mm dish), after which the tissue was immediately triturated (20-30 times with a 1-mL pipet). The average yield during isolation was 7.4 ± 1 × 10 5 (sd) cells per animal (quantified from five different isolations) and is comparable to that reported previously for hippocampal neurons (4) .
The dispersed cells were counted and adjusted to maximum of 3.5 × 10 5 cells/ mL. Typically, 2 mL of this cell solution was added to each 35-mm L-polyornithine-coated dish, or alternatively, 0.5 mL for a 16-mm dish. Cells were RESEARCH REPORT allowed to settle for 15 min, washed once, and replaced with prewarmed plating medium (1.5 mL/35-mm dish and 0.5 mL/16-mm dish). After plating, cells were incubated at 37°C in 5% CO 2 and incubated for 11 days without media replacement. On day 11, the plating media was replaced with the same volume of feeding medium. The average number of attached cells was 2.3 ± 0.8 × 10 5 (sd) cells/mL or about 60% of the plated cells. Survival was optimal in 1-to 6-mm dishes and was typically observed to the middle of each dish. The middle area constitutes about 8 mm in a 16-mm dish or 25% of the dish area. Cell images were taken by a digital camera mounted on a Nikon TMS-12807 microscope (Nikon, Melville, NY, USA) with a 20× lens.
Culture of adult mouse neurons
Assessment of Mitochondrial Membrane Potential
Mitochondrial potential in isolated brain cells was evaluated using 5,5,6′,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolcarbo-cyanine iodide (JC-1; 1 µg/mL). JC-1 distribution depends on mitochondrial potential. JC-1 can be free or in complexes in the mitochondria. The distribution of free and complexed JC-1 was determined by flow cytometry analysis using a FACScan™ (BD Biosciences Immunocytometry Systems, San Jose, CA, USA) with 488-nm excitation laser. When complexed with polarized mitochondria, the emission maximum of the dye is different than in its free form (580 versus 510 nm). Average emitted light intensity values of the complexed (em 585/42 nm) and free (em 530/30 nm) form of JC-1 (FL2 ave and FL1 ave , respectively) were identified using the WinMDI 2.8 software (Scripps Research Institute, La Jolla, CA, USA). FL1 and FL2 signals were gated above 10 to minimize noise. The fraction of complexed JC-1 was quantified as FL2 ave /(FL2 ave + FL1 ave ) and gave the best reproducible estimate of mitochondrial membrane potential (MMP). This ratio was found to be insensitive to 10-fold variation in JC-1 concentration. Cells were depolarized with 1 µM valinomycin after each measurement to verify that the "depolarization ratio" of JC-1 (= 0.2) was similar in each experiment. Three independent replicates of the MMP measurements and autofluorescence were combined to generate the detailed kinetic plot with different time points measured each time. The time points in separate experiments reproduces a high quality curve.
Isolated mitochondria were prepared as previously described (5) . Mitochondria respiration buffer comprised 210 mM sucrose, 20 mM KCl, 3 mM glycyl-glycine, 1 mM KH 2 PO 4 , 1 mM EGTA, pH 7.2, and contained 0.3 µg/mL JC-1. MMP in these organelles was analyzed by flow cytometry using the same method described for cells. Reactions with the indicated respiratory substrates were measured at room temperature. Mitochondria were charged with substrates for complex I (malate and pyruvate; 1.5/3 mM) and for complex II (succinate; 1 mM). Reversibility of the MMP was demonstrated by inhibiting complex I activity (with rotenone; 0.5 µM) and complex III activity (with antimycinA; 10 µg/mL).
Reactive Oxygen Species Production and Redox Balance
Reactive oxygen species (ROS) production was assayed by staining isolated cells with 10 µM dihydrochlorofluorescein (DHCF) diacetate prior to flow cytometry analysis. Oxidized DHCF was recorded in FL1 (ex/em: 488/530-580). Autofluorescence (FL1 detection) in the isolated brain cell samples is an estimate of the redox balance (6) and recorded at 530-580 nm with the excitation at 488 nm.
RESULTS
We evaluated three parameters that might influence viability and distinguish differences between adult and embryonic neuronal cultures. Cultures were tested for differences in their bioenergetic properties, for effects induced by the physical isolation procedure, and for alterations in their growth conditions.
Bioenergetic Parameters in Isolated Brain Cells
Cells require functional mitochondria for energy production and growth. Mitochondrial integrity is evident by the degree of MMP, which correlates with production of ROS (7).
Higher than normal ROS can be harmful to cells. 
C
The degree of MMP was measured using a fluorescent dye, JC-1. JC-1 can be used to detect MMP, since it will form a complex with mitochondria only if they are polarized and healthy. JC-1 can detect MMP because it emits light at different wavelengths depending on its polarization state; 580 nm when complexed with mitochondria, and 510 nm when it is free. Thus, the energetic properties were assessed by measuring the intracellular ratio of complexed to free forms of JC-1 in solution. We found that both adult and embryonic neurons acquired the same degree of MMP with time in solution. However, adult cells were capable of a more efficient MMP buildup and reached a steady-state level after approximately 50 min in medium ( Figure 1A ). These data suggested the possibility that adult cells might generate more ROS. To directly test this possibility, we independently measured ROS using a ROS-sensitive fluorescent dye DHCF. However, we found that the ROS level in adult brain cells was significantly less than in embryonic brain cells ( Figure 1B) . Therefore, the differences in viability of adult and embryonic neuronal cultures could not be ascribed to ROS production.
The absence of a correlation between ROS correlation and survival did not exclude other processes associated with MMP. Intracellular redox potential is determined by ratio of reducing compounds (NADH and FADH 2 ) to oxidized compounds (NAD + , FAD). Since reducing compounds are necessary to establish MMP, the redox ratio directly correlates with MMP. The level of FAD provides a good estimate of the redox ratio in a cell and can be readily detected by measuring the cellular autofluorescence recorded at 500-530 nm. Although other groups in the cell (including protein residues) are autofluorescent, mitochondrial FAD has been reported to be the major contributor (8) . Indeed, autofluorescence of dispersed adult cells was remarkably weaker than dispersed embryonic cells ( Figure 1C ). These data raised the possibility that the decreased FAD content in adult neurons might arise from an inability of mitochondria to properly respire and oxidize normal substrates.
To test this h y p o t h e s i s , w e i s o l a t e d mitochondria from adult and embryonic brain tissue and measured MMP during respiration (Figure 2A ). MMP is reversible; it increases using the appropriate substrates, and it decreases by treatment with mitochondrial complex inhibitors. When mitochondria were manipulated to reversibly polarize and depolarize (Figure 2A) , no differences between the two culture types were detected. Consistent with these results, the redox ratios in the respiring mitochondria were indistinguishable ( Figure 2B ). Based on these data, it was unlikely that the observed metabolic difference in embryonic and adult brain originated from changes in mitochondrial function or was a critical factor in cell survival. Therefore, we focused attention on the physical condition of the isolation procedure.
Attachment of Isolated Brain Cells
During isolation of brain cells, some cell lysis occurs and inevitably produces debris. Cell lysis can change the growth medium by lowering the pH or by releasing cytotoxic agents (glutamate), and both can have deleterious influence on survival of the remaining cells (4) . Further debris can interfere with cell attachment. Both of these problems are easily overcome by washing. However, neurons develop processes relatively slowly, and -2  3  8  13  18  23  28  -2  3  8  13  18  23  28   -2  3  8  13  18  23  28  -2  3  8  13  18  23 
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washing can remove neurons if they are not attached. Therefore, we measured the time required for attachment for adult neuronal cultures to optimize cell survival and to improve yield.
We measured optimum attachment time by assaying the cell density the in supernatant above the poly-L-ornithinecoated surface in an incubation dish. We found that the number of unattached cells in the media dropped initially to a level (40%) and did not change significantly within the next 4-5 h ( Figure 3A) . It was possible that the drop in the number of unattached cells was due to cell death. To control for this, we maintained the cells in medium in the absence of a poly-ornithinylated surface. After 5 h, 70% of these unattached cells excluded trypan blue, indicating that they were living (grey circle in Figure 3A) . Thus, many adult brain cells were not dying after dispersal, but they did not always attach efficiently.
In additional experiments, we confirmed that cells able to attach do so within the first 10 min. Therefore, in the culturing procedure ( Figure  3B ), media was withdrawn from cells by aspiration 15 min after plating, and the cells washed once before further incubation in plating medium. Using this procedure, growth of adult neurons was detected after approximately 1 week in culture. For adult cells, no neurons were detected in dishes that were either left unwashed or washed 2 h after plating, demonstrating the importance of removing debris.
We also tested whether cell survival and attachment of unwashed cells could be improved by incubating them before dispersal in the presence of agents that suppress cell death pathways. However, incubation with calcium chelators such as EGTA (1 mM), ifenprodil (5 µM; antagonist of NMDA receptor subunit), z-VAD (50 µM; suppresses caspase activation), 3-aminobenzamide [1 mM; inhibitor of poly(ADP) polymerase] to suppress oxidative stress-induced cell death, and DNase (1 U/mL; to inhibit DNAmediated sticking of cell to debris) had no effect on cell survival. No neurons were detected in unwashed cultures after any of these manipulations. Cholesterol has been demonstrated to have a beneficial effect on neurons in the absence of glia (9) . However, we also found that cholesterol (5 µg/mL) had no significant effect on survival (data not shown).
Since the dispersal procedure required trituration and papain treatment, it was possible that the isolation procedure itself might be differentially harmful to the adult cells. However, neither of these parameters had any visible effects on cell survival. The absence of protease treatment resulted in dirty cultures containing glial cells, but no neurons survived after plating ( Figure 4A) . Thus, the papain treatment was essential. In fact, prolonged treatment with proteases resulted in cleaner culture, likely due to degradation of cellular debris ( Figure  4 , B and C). The yield of living cells in Figure 4 , B and C, was similar and within normal variation of comparable plating (20% sd). We also found that cells were relatively resistant to trituration. No visible difference was observed when cells were triturated with 10 or 30 strokes with a 1-mL pipet.
Growth Conditions
We also consistently observed that adult neurons tended to stick together rather than growing as single cells. This tendency suggested the possibility that adult neurons might be dependent on excreted factors from neighboring cells. Thus, attachment and survival of adult neurons might be improved by increasing the cell density during plating or by reducing the volume of media during culturing. We found that either parameter significantly enhanced survival. Neurons were cultured in a 24-dish plate with 0.5 mL/dish. After 1 week, "colonies" of adult neurons appeared. Neuronal growth did not require the preparation of a glial feeding layer (1). Rather, neurons clustered together and grew on top of a glial layer, which formed naturally from cells present in the dispersed solution before plating ( Figure 5A ). Notably, neurons developed primarily in the middle of the dish, where the medium level was lowest and the local concentration of excreted factors would be highest. In fact, we found that the concentration of secreted factors was a critical parameter. While growth media for embryonic neuronal cultures typically replaces plating media after 3-4 days in culture (when neuronal processes have begun to develop), the same replacement induced cell death in adult cultures ( Figure 5B ). Adult neurons survived best when they were maintained for longer periods without media replacement. Survival was also improved when a higher density of cells was cultured. Using these procedures, we were able to successfully culture, for 4 weeks, adult neurons from 1-to 1.5-year-old animals. A representative culture derived from a 1-year-old C57bl/6 mouse is shown ( Figure 5A ).
DISCUSSION
The apparent inability of adult neurons to be cultivated compared to embryonic neurons prompted an investigation of important parameters that might influence cell viability. Here, we report that healthy cultures of adult neurons can be successfully isolated and maintained when attention is paid to the isolation conditions. The most critical parameters that improved cell survival were those relating to the physical isolation and the growth conditions. We found that nicely developing neurons from adult mice can be obtained by effective protease treatment prior to plating, followed by careful washing of the attached cells. Finally, it is essential to maintain a low medium level above the cells and/or plate at high density. Brewer and colleagues have reported that addition of trophic factors such as fibroblast growth factor-2 (FGF2) can be beneficial for survival (4) . Furthermore, specialized media with altered osmolarity may limit neuronal death of adult neurons, especially during medium replacement (4) . While survival might be improved by these modifications, the simple culturing conditions described in this report allow good yields of healthy adult neurons with fewer steps, less labor, and at lower costs.
Mitochondria are involved in many different cellular processes related to cell homeostasis, and we observed that the kinetics of MMP build-up were distinctly different in adult versus embryonic cultures. Based on FAD measurements measured in isolated mitochondria, the elevated MMP in adult cells coincides with a lower intracellular redox ratio in mitochondria.
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Survival of axotomized neonatal retinal ganglion cells is optimal in a mildly reducing environment (10) . More severe reducing conditions can also impair survival (10). Therefore, it is possible that adult brain cells isolated in a sufficiently low redox state limits attachment and growth, and low MMP contributes either directly or indirectly to improve survival and attachment of adult neuronal cultures.
